Much effort is currently put into the development of models for predicting decomposition enthalpies measured using differential scanning calorimetry (DSC). As an alternative to the purely empirical schemes reported so far, this work relies on theoretical values obtained on the basis of simple assumptions. For nitroaromatic compounds (NACs) studied in sealed sample cells, our approach proves clearly superior to previous ones. In contrast, it correlates poorly with data measured in pin-hole sample cells. Progress might be obtained through a combination of the present approach with the usual Quantitative Structure-Property Relationships (QSPR) methodologies. This work emphasizes the significance of the theoretical decomposition enthalpy as a fundamental descriptor for the prediction of DSC values. In fact, the theoretical value provides a valuable criterion to characterize thermal hazards, as a complement to experimental decomposition temperatures.
Introduction
In view of the increasingly large number of compounds to be considered in process design or in the context of recent regulatory frameworks, there is currently much interest in the numerical estimation of thermal hazards prior to any experiment [1] . Such hazards are classified and predicted on the basis of several criteria [2] , including exothermic onset temperatures ( 0 ) and decomposition enthalpies derived from differential scanning calorimetry (DSC) experiments [3] [4] [5] . The latter property, hereafter denoted by Δ (DSC) and defined as positive, is a preliminary to any assessment of thermal risks. It is a relatively simple property which may be loosely defined as the opposite of the enthalpy change associated with the decomposition of the compound studied into products. Assuming that this process yields the most stable products consistent with the stoichiometry of the system, we obtain an ideal value Δ 0 that can be identified with the energy content of the material.
The difference between Δ 0 and Δ (DSC) is determined by highly complex processes, including multiple reaction pathways, secondary reactions possibly involving the surroundings of the sample, and heat and mass transport processes within the cell. A first-principles approach to this difference is therefore out of reach, considering the computational cost inherent to ab initio molecular dynamics and the fact that reactive potentials, which could provide a more efficient alternative, are still in their infancy [6] . Therefore, some empiricism is unavoidable when it comes to predicting DSC data, and Quantitative Structure-Property Relationships (QSPR) methodologies appear as a natural approach to estimate Δ 0 − Δ (DSC) in this context. Although they do rely on such techniques, presently published models apply them directly to the evaluation of Δ (DSC) in terms of standard descriptors [7] [8] [9] [10] [11] [12] [13] [14] [15] . As a result, they do not take advantage of the availability of simple rules to estimate decomposition products and corresponding Δ 0 values [16] . While QSPR approaches prove extremely useful in the lack of quantitative theories, especially for complex properties in the fields of pharmaceutical chemistry, toxicology, or risk assessment, they are some reasons to believe that their direct application to Δ (DSC) is unlikely to provide the most reliable predictive tools.
First, QSPR descriptors are calculated on the unreacted compound, while Δ (DSC) also depends on the decomposition products and possibly on some features of the reaction 2 Journal of Chemistry pathways. Secondly, Δ (DSC) obviously depends on the formation enthalpy Δ 0 of the compound studied. Since a reliable evaluation of this property for arbitrary compounds requires quantum chemical computations, QSPR models are unlikely to provide accurate Δ (DSC) values for a wide range of compounds.
Finally, an even more significant obstacle to the application of QSPR techniques to estimate Δ (DSC) is the lack of consistent data. The routine application of DSC to thermal hazard evaluation yields decomposition enthalpies with experimental uncertainties around 10% [4] . However, a more significant variability is observed in practice due to the details of the experimental setup, including the temperature scanning rate, the materials of the device, or the kind of sample cell. For instance, on going from a sealed [3] to a pinhole [4] sample cell, the measured decomposition enthalpies decrease from 345 to 123 kJ/mol for 2-nitrophenol, from 284 to 130 kJ/mol for 1-methyl-3-nitrobenzene, and from 339 to 161 kJ/mol for nitrobenzene. The relative scarsity of homogeneous Δ (DSC) data sets makes the parametrization and validation of QSPR models very difficult and prevents the introduction of many empirical parameters that might be necessary for reliable predictions of Δ (DSC) along such lines.
In fact, a growing body of work demonstrates the interest of more physically grounded and/or less empirical strategies to estimate the physical properties of organic substances [17] [18] [19] [20] [21] [22] [23] [24] [25] , including complex properties characterizing reactive hazards such as flash point temperatures [23] , flammability limit temperatures [24] , or mechanical sensitivities of explosives [25] . Taking advantage of theoretical Δ 0 values, the present work investigates a semiempirical approach to the evaluation of Δ (DSC) for nitroaromatic compounds (NACs), as an alternative to the straightforward application of QSPR techniques. More specifically, two predictive equations are put forward. The first one simply assumes that Δ (DSC) can be reasonably approximated as a constant fraction of the energy content Δ 0 , while the second one attempts to describe how this fraction depends on the reactivity of the compound.
Theory
In a first step, the present approach involves only simple thermodynamic considerations. In a second step, density functional theory (DFT) concepts are invoked in an attempt to introduce kinetic factors. Because Δ (DSC) primarily reflects the heat released as the sample decomposes, the energy content Δ 0 of the substance should provide a major contribution to measured DSC values. The difference between both quantities may be further decomposed into three correction terms accounting, respectively:
(1) for the fact that the equilibrium products relevant to the thermodynamic conditions in the sample cell may differ from the most stable ones in standard conditions ( eq ); (2) for the fact that kinetics may affect the actual composition of the products ( kin ); (3) for energy losses associated with heat and matter transport processes ( DSC ):
While Δ 0 may be estimated on the basis of standard approximations, there is no simple way to calculate the three terms on the r.h.s. of this equation. Therefore, we follow a simpler approach, assuming in a first step that each correction represents a given fraction of Δ 0 . As a result,
where is a constant that does not depend on the compound under consideration. An advantage of this approach is that it automatically ensures the condition Δ (DSC) < Δ 0 . Going one step further, we are faced with the challenge to estimate how depends on the compound under study. Among many factors that are likely to affect the value of this ratio, reactivity might be the one whose role is easiest to describe at least qualitatively. Indeed, a complete decomposition requires that the products be slowly cooled down to the ambient temperature. Such complete decomposition is especially unlikely for materials that remain chemically unaffected up to high temperatures. As temperature increases, the system can explore a larger fraction of the potential energy surface (PES) and is thus more likely to get stuck in metastable configurations during cooling. Therefore, the amount of energy eventually released in decomposition processes depends on the energy barriers ̸ = .
In the lack of detailed knowledge of reaction pathways, we have to be satisfied with the features of the initial and final states to evaluate the role of ̸ = . On the products side, the Bell-Evans-Polanyi principle [26] suggests that ̸ = is likely to get lower as Δ 0 increases. This principle is frequently invoked to correlate reaction properties with a difference between reactants and products, especially in the field of high energy compounds [27] . Nevertheless, it is not sufficient to quantitatively estimate energy barriers, as reflected by the lack of correlation between decomposition enthalpies and decomposition temperatures [4] .
Some improvement might be obtained by taking advantage of reactant features. In particular, bond dissociation energies (BDEs) appear to be ideal descriptors in view of evaluating ̸ = [28] . However, they may be tedious to compute, requiring the optimization of complex open-shell species if large molecules are considered. An attractive alternative is provided by reactivity descriptors at the basis of conceptual DFT [29] , namely, electronegativity ( ) and chemical hardness ( ). In fact, an early attempt to predict DSC measurements from empirical relationships already assumed that those quantities play a primary role [8] .
In the present work, the reactivity descriptors are introduced with the help of dimensionality considerations. The simplest dimensionless quantity that may be defined on the basis of and is their ratio / , where is implicitly multiplied by the electron charge = 1 in atomic units.
Therefore, assuming that depends on and , it should then be expandable as a power series:
Since the principle of maximum hardness implies that is a measure of the stability of the system [29] , is expected to decrease as increases, with the limit of large values corresponding to an increasing resistance of the molecule to changes in its electronic structure, hence to energy release. This implies that > 0 since the linear term is predominant for large values of . On the other hand, setting 0 = 0 is required if we want the energy released to decrease to zero in the hypothetical limit of an infinitely stable system with → ∞. This suggests a possibly improved alternative to (2):
In what follows, both (2) and (4) are considered to predict Δ (DSC). Given many factors that may affect measured values, depending on the detailed experimental setup, associated with the approximate character of conceptual DFT inherent to the fact that it attempts to describe reactivity in term of features of the unreacted compound, it is not a priori obvious to decide which equation will prove most reliable. An attractive feature of present models is the fact that they depend on a single input variable , where = Δ 0 if a constant fraction of the energy content is assumed to contribute to measured DSC data as in (2), or = ( / )Δ 0 if this fraction is assumed to depend linearly on / as in (4) . As a consequence, their performances may be straightforwardly estimated, for instance, graphically from the plot of Δ (DSC) versus , or by considering the determination coefficient 2 between both quantities. This is especially gratifying in view of the scarcity of homogeneous data, which make it awkward to define statistically significant external test sets for multiparameters models.
Computational Details
In this work, the decomposition products are obtained on the basis of a simple generalization to halogenated compounds of the well-known H 2 O-CO 2 arbitrary initially introduced to estimate the heats of detonation of C-H-N-O explosives [30] . More specifically, decomposition products are obtained according to the following priority order: HF > CF 4 > H 2 O > CO 2 > CCl 4 > CO > HCl. If necessary, the remaining elements are converted into graphite, H 2 , N 2 , S 8 , O 2 , F 2 , and Cl 2 . In practice, the last three products are never obtained for the present data set because of the relative scarcity of O, F, and Cl atoms in present NACs.
The energy content Δ 0 is then obtained as the difference between the formation enthalpy Δ 0 of the substance under study and corresponding values Δ 0 ( ) for the decomposition products . The latter are taken from the NIST Webbook database [31] . Because experimental values of Δ 0 are missing for most NACs under study, theoretical values computed using the semiempirical RM1 Hamiltonian are used. This method is chosen for its relatively good performance and computational efficiency [32] . For (4), values of and are obtained within the finite difference approach by simple difference and as an average of the ionization potential (IP) and electronegativity (EA):
IP and EA are derived from the energies HOMO and LUMO of the highest occupied and lowest unoccupied molecular orbitals, obtained simply as a by-product of the RM1 computations. More specifically, IP = − HOMO and EA = − LUMO [29] . All RM1 calculations are carried out using the MOPAC7 program [33] . Typical errors associated with RM1 formation enthalpies are about 20 kJ/mol [32] while experimental uncertainties may cause much larger errors (>100 kJ/mol). Therefore, no significant improvement is expected from the use of more accurate procedures. Larger theoretical uncertainties might possibly arise from the use of the RM1 orbitals to obtain the reactivity descriptors. Therefore, we have also investigated in unpublished work the use of enthalpies and orbital energies derived from PBE0/6-31+G(d,p)//AM1 calculations combined with simple atom equivalent schemes [34] . It turned out that this higher theoretical level does not provide any significant improvement with respect to RM1-based procedures. Because RM1 calculations are much easier to carry out routinely in an industrial context, only the results obtained on this basis are presented in the sequel.
Similarly, we investigated the effect of taking into account the contribution of intermolecular interactions to Δ 0 despite the introduction of sublimation enthalpies calculated on the basis of simple models [35, 36] . Again, this does not significantly affect the results, as expected from the relatively small magnitude of sublimation enthalpies. Moreover, this approach is not rigorous as the compounds studied typically melt before undergoing a decomposition. Therefore, it is better to ignore the intermolecular contribution to Δ 0 until a more satisfactory approach is developed.
On the other hand, as an alternative to the abovementioned decomposition rules assuming a complete oxidation of hydrogen and carbon into CO 2 whenever possible, the use of the Kistiakowsky-Wilson rules (applying the modified version for compounds with CO 2 oxygen balance < −40%) was also considered [16] . These rules favor the formation of CO over CO 2 . This change has a more significant impact on the individual results than going from RM1 to PBE0 electronic structures or introducing sublimation enthalpies. Nevertheless, the overall performance of the models is not significantly affected. Therefore, only the results based on the generalized H 2 O-CO 2 arbitrary are presented in this work. In the lack of significantly better rules, this is the most attractive option, implying that the effect of any incomplete oxidation is implicitly taken into account through the values of the empirical parameters. 
Data Sets
Recent studies aimed at predicting decomposition enthalpies of NACs as measured by DSC focus on two data sets. The first one is a set of 22 enthalpies measured using a standard aluminium sealed sample cell (SC data) [3] . The second one is a set of 77 enthalpies measured in aluminium sample cells with a pin-hole on the lid (PH data) [4] . Technical details regarding these sample cells may be found in references cited in these earlier publications [3, 4] . Most modeling studies focus on the SC data set [8] [9] [10] [11] [12] . Only very recent ones take advantage of the PH data set [13, 15] . Both SC and PH data sets are considered in the present work. They provide 99 experimental decomposition enthalpies for 84 compounds, because some molecules have been studied using both kinds of sample cells and are thus present in the two sets. Figure 1 compares experimental Δ (DSC) data with theoretical values Δ 0 . Because the kind of sample cell is likely to influence the measured enthalpies, SC and PH data are shown using different colors. Furthermore, for the analysis of the 77 PH values at hand, the 35 compounds with substituents in ortho position with respect to nitro groups (ortho compounds) are treated separately, assuming that the associated Δ (DSC) values might prove more difficult to rationalize than corresponding data for the remaining 42 compounds deprived of
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ortho substituents (nonortho compounds). This assumption is motivated by the possible role of interactions between nitro groups and corresponding ortho substituents. This partition of the data set between nonortho/ortho compounds was introduced in a previous study [13] .
Because Δ 0 characterizes the total energy content of the compound studied, it should be larger than Δ (DSC). Figure 1 shows that this is actually the case for all compounds except for 2-chloro-3,5-dinitrobenzoic acid which lies slightly above the line = . This anomaly may be attributed to uncertainties regarding the experimental Δ (DSC) value from the PH data set and/or the computational procedure to derive Δ 0 . A correlation between theory and experiment is observed in Figure 1 , as reflected by the corresponding determination coefficient 2 = 0.68 which is significantly nonzero. However, the distinction of the different subsets clearly shows that the correlation is especially good for SC data, with 2 = 0.90. For PH data, the correlation is less good, although it remains significant with 2 = 0.62. The distinction between nonortho and ortho compounds is especially fruitful here. Indeed, it is clear from Figure 1 that the latter (shown as white symbols) fit especially poorly into the correlation. On the other hand, among the 22 SC values, 10 are for ortho compounds. Therefore, it appears that reactions between nitro groups and neighboring substituents are likely to affect significantly Δ (DSC) for measurements in pin-hole sample cells, while no such effect is noted for experiments in sealed cells.
In fact, PH values appear to be prone to significant uncertainties, as already mentioned for 2-chloro-3,5-dinitrobenzoic acid. As illustrated by the data reported in the introduction to this paper to illustrate the role of the sample cell, PH enthalpies tend to be smaller than SC values, which might be explained by more significant energy losses through evaporation or sublimation of the sample in the former case.
The outliers noted in Figure 1 may be rationalized on a case-by-case basis. For instance, the most significant deviation between Δ (DSC) and Δ 0 is observed for 2,6-dinitrobenzoic acid, for which pin-hole measurements yield Δ (DSC) = 222 kJ/mol, to be compared with Δ 0 = 1001 kJ/mol. By analogy with the synthesis of trinitrobenzene from 2,4,6-dinitrobenzoic acid, this compound is expected to undergo a decarboxylation upon heating, leading to the formation of 1,3-dinitrobenzene and the release of carbon dioxide (see Scheme 1) .
Thermochemical data from the NIST Webbook [31] as well as RM1 calculations indicate that this reaction is Journal of Chemistry 5 almost athermic. It is thus likely to get unnoticed in DSC experiments. The first reactive exotherm is then associated with the decomposition of 1,3-dinitrobenzene, for which a significantly higher value Δ (DSC) = 587 kJ/mol was measured in a sealed sample cell. Such artefacts/complexities are clearly not properly taken into account by current predictive methods. Until new models taking advantage of the knowledge of organic chemists are developed, it will probably not be possible to reliably predict measured Δ (DSC) data for arbitrary organic compounds.
It was noted previously that Δ (DSC) data measured in sealed sample cells for NACs primarily depend on the number (NO 2 ) of nitro groups on the molecule [8] . Figure 1 shows that this is systematically the case for Δ 0 as well, hence the three clusters clearly observed on this plot, corresponding to (NO 2 ) values ranging from 1 to 3. However, this prominent role of (NO 2 ) is blurred when considering PH data, as clear from the vertical scattering of the corresponding points, which is especially significant for ortho compounds. Therefore, rationalizing present DSC data should be easiest for SC data and most difficult for ortho compounds characterized in pin-hole sample cells.
For SC data, Figure 1 suggests that rough Δ (DSC) estimates can be obtained by defining three standard values associated, respectively, with mononitro, dinitro, and trinitro compounds. However, the success of such an approach would clearly be highly dependent on the other substituents in the molecule. For instance, it would yield spurious predictions for compounds with other energetic moieties, such as -N=O, -O-N=O, -NF 2 , or N 3 groups. Therefore, assuming that Δ (DSC) ∝ Δ 0 as done in (2) is a more attractive approach. However, it is clear from the regression line in Figure 1 that this straightforward scaling relationship does not satisfactorily account for the high decomposition enthalpy obtained for the only trinitrocompound in the SC data set, namely, picric acid. For this molecule, the ratio Δ (DSC)/Δ 0 is close to 0.9, while it is close to 0.6 for mononitro and trinitro compounds.
Accounting for the Role of Reactivity.
This observation actually motivated the considerations leading to (4) in Section 2. Indeed, the relatively large fraction of the energy content released by picric acid may be correlated with the fact it decomposes at a relatively low temperature of 220 ∘ C, the lowest among all compounds studied in sealed cells [3] . As discussed in Section 2, low temperatures favor decomposition according to the lowest energy pathways and therefore more significant releases of energy. Prior to investigating the performances of (4), it is thus interesting to plot according to / as done in Figure 2 . Of course, the relatively poor correlations observed on this figure arise because it focuses on the challenging part of Δ (DSC).
As anticipated, picric acid exhibits specially high value of this ratio. Therefore, (4) should better account for the decomposition enthalpy of this compound compared to (2) . The correlation coefficients reported in Figure 2 are systematically positive, hence supporting the considerations leading to (4). To some extent, the higher value obtained for SC data may be attributed to the success of the approach to account for the fact that specially high fraction of Δ 0 contributes to the decomposition enthalpy observed for picric acid. In contrast, the low values of the correlation coefficients calculated for PH data come as no surprise in view of the large experimental uncertainties. Specially poor correlation observed for ortho compounds is consistent with the assumption of previous authors that interactions between nitro groups and ortho substituents make decomposition enthalpies harder to rationalize [13] .
Insight into the predictive value of present equations is provided by the correlation between Δ (DSC) and ( / )Δ 0 illustrated in Figure 3 . Again, it is interesting to distinguish experimental values according to the corresponding sample cells. Furthermore, after discarding PH data for ortho compounds, as done previously [13] , a striking correlation 2 = 0.86 is observed for the 64 remaining enthalpies measured in either kind of sample cells. This achievement is all the more remarkable as a single descriptor is used. For comparison, the corresponding determination coefficient between these 64 values and Δ 0 is 2 = 0.80.
Predicting DSC Decomposition Enthalpies.
These coefficients reflect the predictive value of present approaches. In order to carry out a rigorous comparison with previous QSPR methods, (2) and (4) because present equations involve only a single adjustable parameter, they can be fitted against a much smaller training set, thus allowing for a more extensive validation of their predictive value. For this purpose, we have fitted both models against a training set of only 5 compounds and used the 94 remaining compounds as an external test set. This partition and corresponding results are detailed in the appendix. The relative performances of the various methods are summarized in Table 1. 2 stands for the determination coefficient between fitted and observed data. Although they are mostly irrelevant for present approaches based on a single linear parameter, corresponding coefficients derived from leave-one-out cross validations (
2 ) and application of the models to external test sets ( 2 ) are reported as well for the sake of comparison with QSPR methods. These coefficients should only be used to assess the relative performance of various models though a comparison of values obtained for the same data set. In fact, their individual values are deprived of significance in view of the fact that the distribution of Δ (DSC) values in any set considered is far from Gaussian. Therefore, average absolute errors of the models are also reported in Table 1 for both the training set (AAE tr ) and the test (validation) set (AAE V ). The number of variables of each model ( ) and the number of data included, respectively, in the training ( tr ) and test ( V ) sets are also provided in this table.
In principle, the predictive value of the models is best characterized by 2 and AAE V . However, this is not necessarily the case in practice owing to the small size of most test sets considered, with only 8-11 data values for the most specialized models [13] . This is reflected by the fact that 2 and AAE V values sometimes provide more optimistic expectations than statistical parameters derived from the training set. In such cases, the least optimistic criteria are clearly to be considered.
Because SC data appear easier to rationalize, present equations are first fitted against the SC data set considered in previous papers [8] [9] [10] 12] . The small size of this set (22 enthalpies) does not allow a rigorous assessment of the predictive value of QSPR methods. However, according to 2 coefficients, (4) taking reactivity into account appears better than (2) . The only QSPR models with 2 values higher than the present ones were obtained in [10] as the outcome of an extensive screening of descriptors combinations. However, (2) and (4) provide average relative errors of, respectively, 13% and 10% on this data set. Keeping in mind that such deviations are comparable to experimental uncertainties, the very high determination coefficients reported in [10] probably reflect overfitting issues. Furthermore, the corresponding models proved deprived of predictive value for present PH data, for which a value of 2 as low as 0.24 was reported [13] . For PH data, present equations are first fitted independently for nonortho and ortho compounds, as done in [13] . For nonortho compounds, the best correlation between measured and predicted values ( 2 = 0.92) is obtained using (4) . According to the data reported in Table 1 , especially average errors AAE tr and AAE V for the training and test sets, this equation and the QSPR method of [13] exhibit similar performances. In contrast, both approaches fail to provide valuable predictions for ortho compounds. As a result, they perform poorly when applied to the prediction of PH data for arbitrary compounds.
In order to better characterize the value of present equations, they are eventually fitted against a small training set of five SC values defined in Table 2 . The performances of the two resulting models are summarized in the last six rows of Table 1 . Despite poorer fits against the 5 compounds in the training set, (4) yields systematically better predictions than (2), which suggests that reactivity indexes are indeed useful to obtain improved predictions. This is confirmed by the fits of the two equations against the whole set of 22 SC data. Finally, it may be noted that the reliability of both models steadily decreases ongoing from SC data to PH data for nonortho compounds to PH data for ortho compounds.
Present results demonstrate that the present approach makes it straightforward to derive predictive tools performing similarly or even better than the best QSPR methods at hand, provided PH data for ortho compounds are excluded from the data set. Whenever these difficult cases are considered, present equations fail to provide meaningful predictions, while the most successful QSPR studies appear to succeed in obtaining fairly reasonable results, especially for the seven-parameters model put forward very recently in [15] .
These findings are understandable. Differences between SC and PH data can only be explained by complex processes, including heat and mass transfers within the cell, energy losses through sublimation, and evaporation, which are deliberately ignored by the present approach. In view Table 1 : Comparison of presently available predictive methods. The second column indicates which kind of measurements (SC and/or PH) are used to assess the predictive value of the method. In the third column, y/n indicates whether (y) or not (n) PH data for ortho compounds are included in the test set. In the last column, stands for the empirical parameter of present models; that is, it is equal to either when (2) is used or ( / ) when using (4 of the correlation reported in Figure 1 , such effects mostly affect PH data, especially for ortho compounds. Because reactivity, as described here with the help of and , is only one factor among many others that may contribute to the difference between Δ (DSC) and Δ 0 , it is not surprising that present models perform better for SC data.
On the other hand, in view of the ability of QSPR techniques to learn from the data at hand and to account implicitly for complex and poorly known processes through an automatic selection of suitable descriptors, it comes as no surprise that they are especially competitive with the present semiempirical approach in the most difficult cases of PH data for ortho compounds. 
Discussion
The present work opens new perspectives with regard to Δ (DSC) prediction in the context of thermal hazards assessment. Indeed, it can be noted that, at least for SC data, present descriptors Δ 0 and possibly ( / )Δ 0 exhibit striking correlations with experiment. With determination coefficients of, respectively, 0.90 and 0.93, these two descriptors correlate better with measured Δ (DSC) data than any individual descriptor previously considered for QSPR analyses of this particular data set [8, 9] . This suggests that future QSPR approaches should include them in the pool of descriptors. Alternatively, it is tempting to resort to the QSPR machinery to estimate the ratio (or the difference) between Δ 0 and Δ (DSC), hence focusing the power of such techniques on the most challenging aspects of DSC decomposition enthalpies.
The present semiempirical approach is therefore complementary to mainstream QSPR techniques. It provides general equations involving complex quantities that should lend themselves to QSPR prediction. The originality of present models with respect to previous ones appears clearly in Table 1 . Because they involve a single adjustable parameter, they can be fitted against small training sets and assessed using extended test sets. They are extremely robust and provide reliable predictions whenever a good fit of the training set is obtained. However, they cannot capture the complex processes that may affect decomposition enthalpies derived from DSC experiments.
Notwithstanding the originality of present approaches due to their less empirical character compared to previous ones, another distinctive feature of the present work is the fact that SC and PH data are considered simultaneously. Initially, the development of distinct models for these two kinds of measurements was motivated by the fairly large differences observed between SC and PH data obtained for the same compound, as those mentioned in the introduction. However, one may wonder whether such differences, up to about 220 kJ/mol, are actually significant. For practical reasons, it may be necessary in some cases to use either SC or PH sample cell, depending on the behavior of the compound under study. For instance, SC cells may be required for highly volatile compounds [4] . As a consequence, it is not possible to define a standard sample cell that would be used for all thermal characterization studies. In the context of hazard evaluation, we must therefore be satisfied with comparison involving SC as well as PH data.
Among present compounds, 15 have been experimentally characterized using both SC and PH sample cells. Figure 4 compares the two kinds of measurements. They clearly exhibit a significant correlation ( 2 = 0.73) because the two dinitro compounds considered exhibit significantly higher decomposition enthalpies than mononitro compounds, regardless of the sample cell used. However, focusing on mononitro compounds, the correlation between both sets of measurements happens to be negative. Whereas the decomposition enthalpy of 4-nitroaniline is 224 kJ/mol larger than for 2-nitrophenol according to PH data, it is 66 kJ/mol lower according to SC data. Therefore, it is difficult to conclude regarding the relative severity of thermal hazards associated with these two compounds. In other words, enthalpy differences < 250 kJ/mol appear to be insignificant.
In fact, even larger differences between SC and PH data were observed by Ando et al. [4] . They are explained by these authors in terms of evaporation of volatile species though pin-hole or the presence of residual air in sealed sample cells that might initiate an oxidation. In view of such results, Δ 0 might prove a valuable alternative to DSC data in view of characterizing the severity of hazards associated with runaway reactions.
Conclusions
This work confirms that Δ 0 is a major contribution to Δ (DSC) and should be explicitly taken into account in order to estimate this experimental property. It points to a number of approaches that should yield improved results compared to current applications of the QSPR methodology to Δ (DSC), including the development of semiempirical models along present lines or the application of QSPR to quantities related to the difference between Δ 0 and Δ (DSC).
On the other hand, the present work establishes that decomposition enthalpies measured using pin-hole sample cells are especially difficult to rationalize as they represent widely varying fractions of Δ 0 . This result provides a clear justification for the opposition of some researchers, mentioned in [4] , to the use of pin-hole cells. In view of the fact that Δ 0 correlates better with data measured in sealed cells than values measured in pin-hole cells, present results suggest that Δ 0 provide an equally reliable thermal hazard indicator compared to DSC enthalpies. In practice, this does not question the usefulness of DSC analyses which remain necessary to determine decomposition temperatures and monitor the thermal events that may occur to a given material under heating.
Finally, the fact that a small but systematic improvement is obtained on introducing reactivity indices supports the underlying assumption that species whose decomposition occurs at relatively low temperatures tend to release a more significant fraction of their energy. In addition, the analysis of the measurements carried out in pin-hole cells supports the view that they are especially difficult to rationalize for compounds with substituents in ortho positions with respect to nitro groups, presumably as a result of reactions between these neighboring substituents. The same data as in Table 2 for the 42 nonortho compounds studied in pin-hole sample cells. 
